The nucleotide sequence of a 10,528-bp region comprising the chlorocatechol pathway gene cluster tetRtetC-DEF of the 1,2,3,4-tetrachlorobenzene via the tetrachlorocatechol-mineralizing bacterium Pseudomonas chlororaphis RW71 (T. Potrawfke, K. N. Timmis, and R.-M. Wittich, Appl. Environ. Microbiol. 64:3798-3806, 1998) was analyzed. The chlorocatechol 1,2-dioxygenase gene tetC was cloned and overexpressed in Escherichia coli. The recombinant gene product was purified, and the ␣,␣-homodimeric TetC was characterized. Electron paramagnetic resonance measurements confirmed the presence of a high-spin-state Fe(III) atom per monomer in the holoprotein. The productive transformation by purified TetC of chlorocatechols bearing chlorine atoms in positions 4 and 5 provided strong evidence for a significantly broadened substrate spectrum of this dioxygenase compared with other chlorocatechol dioxygenases. The conversion of 4,5-dichloro-or tetrachlorocatechol, in the presence of catechol, displayed strong competitive inhibition of catechol turnover. 3-Chlorocatechol, however, was simultaneously transformed, with a rate similar to that of the 4,5-halogenated catechols, indicating similar specificity constants. These novel characteristics of TetC thus differ significantly from results obtained from hitherto analyzed catechol 1,2-dioxygenases and chlorocatechol 1,2-dioxygenases.
, tfdR(T)CDEF (47) , and tcbRCDEF (65) , have been shown to be evolutionarily related, as reflected by their conserved organization (56) . The isolation of bacteria with catabolic transposable elements of almost identical cistronic organization indicates that global dissemination of genes encoding these chlorocatechol-degrading enzymes generally occurs.
These chlorocatechols represent key chemical structures, originating from the bacterial degradation of chlorobenzenes, chlorophenols, chlorobenzoates, and other chlorinated aromatics upon initial dioxygenation and dehydrogenation, and are further metabolized by either ortho or meta cleavage (24) . Addition of molecular oxygen and subsequent cleavage between two adjacent hydroxyl groups has been shown to proceed through nonheme Fe(III)-dependent metalloenzymes, classified as intradiol dioxygenases (67) . Protocatechuate 3,4-dioxygenase (25, 33) , hydroxyquinol 1,2-dioxygenase (3, 13), catechol 1,2-dioxygenases (type I enzymes) (27, 38, 40) , and chlorocatechol 1,2-dioxygenases (type II enzymes, of the socalled modified ortho pathway) (12, 21, 47, 68) have been extensively characterized. These investigations resulted in distinct information on kinetic features and respective substrate specificities as well as some structural information on catechol 1,2-dioxygenase (18, 60) and protocatechuate 3,4-dioxygenase (42, 43) . The high-resolution crystal structure of protocatechuate 3,4-dioxygenase revealed two histidine and two tyrosine residues involved in the binding of the catalytic ferric iron (42, 62) . These residues are conserved in all investigated intradiol dioxygenases. The iron atom in the pentacoordinated active center of this enzyme remains in the high-spin Fe(III) state during catalysis, as in enzyme-inhibitor complexes investigated so far. More detailed structural information deduced from analysis of the crystal structure of catechol 1,2-dioxygenase, and especially of chlorocatechol 1,2-dioxygenase, how-ever, is scarce. X-ray absorption measurements have provided the first insights into the recognition of chemical structures by ortho-cleaving dioxygenases (7) . The turnover of different substrates and recognition of key structures are assumed to be modulated through interactions of specific residues of the polypeptide with the substrate, not by the iron-coordinating ligands (7) . The substrate specificities and affinities of hitherto characterized chlorocatechol 1,2-dioxygenases towards (highly) chlorinated catechols differ considerably, although most of these enzymes share relatively high sequence similarities (51) .
Pseudomonas chlororaphis RW71 is the first microorganism shown to mineralize 1,2,3,4-tetrachlorobenzene via a 4,5-substituted chlorocatechol, (3,4,5,6-) tetrachlorocatechol. Biochemical analysis of the potential of this strain revealed unusual capacities, such as conversion not only of highly chlorinated catechols but also of 2,3,5-trichloromaleylacetate, a pathway product for which conversion has never been reported (49) . In the present study, the tet operon from P. chlororaphis RW71 which specifies for enzymes that productively mineralize highly chlorinated catechols has been cloned and sequenced. The biochemical and spectroscopic characterization of recombinant TetC, the first catabolic enzyme of this operon, is also presented. Experimental data provide unequivocal evidence that 4,5-dichloro-, 3,4,5-trichloro-, and tetrachlorocatechol are productively converted by this enzyme. These chemicals were previously regarded as strong inhibitors of ortho-cleaving dioxygenases and found to have high recalcitrance towards aerobic bacterial catabolism (9, 16, 63) .
MATERIALS AND METHODS
Strains, culture conditions, and general DNA techniques. Bacterial strains used in this study were P. chlororaphis RW71 (49) , Escherichia coli DH5␣ (Clontech), and E. coli BL21(DE3)(pLysS). Plasmids were pET9a (Novagen) and pBluescript II KS(ϩ) and pCR-Script AMP SK(ϩ) (Stratagene). P. chlororaphis RW71 was grown in mineral salts medium with 1,2,3,4-tetrachlorobenzene as the only carbon and energy source, as previously described (49) . Liquid cultures were grown in baffled round-bottom flasks on a rotary shaker at 120 rpm at 28°C. Solid media contained 1% (wt/vol) purified agar (Oxoid). E. coli strains were grown at 37°C on Luria-Bertani (LB) medium containing the appropriate antibiotics. Standard techniques and DNA manipulations were carried out as described by Sambrook et al. (52) . Oligonucleotide synthesis, DNA probe labeling, Southern blotting, colony lift hybridization, DNA elution from agarose gels, nucleotide sequencing, and sequence analysis were done essentially as described previously (3, 4) . Plasmid DNA for sequencing was extracted with the Plasmid Max Kit (Qiagen) as recommended by the supplier. The accession number of the entire sequence is AJ271325 in the EMBL/DDBJ/GenBank database, and that of tetC is AJ132716.
Cloning of two overlapping DNA fragments encoding the tet operon. For cloning of the chlorocatechol pathway genes, two probes were generated by PCR amplification using total DNA of RW71 extracted by means of a Qiagen Genomic DNA kit. A 745-bp fragment coding for a cycloisomerase was obtained using the degenerate primers TP2 (GTGCASMAGCAGAGCTA) and TP6 (TTGCA MAGCTTCAGCGA) as previously described for the detection of chlorocatechol degradation genes (48) . A second probe coding for an 887-bp fragment within the genes of the dienelactone hydrolase and the maleylacetate reductase was amplified by using the oligonucleotides TP31 (CGCGGTGATCGGCTAT TGCCTG) and TP32 (CCCTCAACCGCGTGCGCGATCG) priming the chlorocatechol pathway operon tcbRCDEF (65, 66) . Both probes were sequenced in order to confirm the similarity to known homologues. Southern blots of either BamHI-or KpnI-digested total DNA of RW71 were hybridized under stringent conditions with the two PCR-amplified probes. Positive 9-kb BamHI and 8-kb KpnI fragments were revealed by both probes. For construction of a partial gene library, total DNA of RW71 was digested with the above-described restriction enzymes and electrophoretically separated on a 0.7% agarose gel. Slices containing DNA fragments of 8 to 11 kb for the BamHI digest and of 7 to 9 kb for the KpnI digest were excised from the gel. The DNA was electroeluted and cloned into pBluescript II KS(ϩ), cleaved with either BamHI or KpnI, and dephosphorylated with calf intestine phosphatase. The two partial gene libraries obtained in E. coli DH5␣ cells were spread onto LB plates containing 1.0 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), 0.004% (wt/vol) 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, and 0.1 mg of ampicillin/ml. Colony hybridization with the two probes allowed selection of positive clones. The plasmids, pTP18 and pTP19, corresponding to the 9-kb BamHI and 8-kb KpnI fragments in pBluescript II KS(ϩ), were mapped with various restriction enzymes and sequenced on both strands. The sequence analysis of the two cloned fragments from pTP18 and pTP19 revealed a 4.75-kb overlap between the two fragments.
Generation of the expression vector pTP20. The gene tetC of strain RW71 was PCR amplified using the oligonucleotides TP74 (GCCCCATATGAACGAA CGAGTGAAGC) and TP75 (GCGCAGATCTCATGCGTGCTCCCGGGG) with plasmid pTP19 as the template. These two primers contained a 5Ј extension of 7 bp with NdeI and BglII restriction sites, respectively. PCR was performed according to the standard procedure, except that proofreading Pfu polymerase (Boehringer Mannheim) was used and 5% (vol/vol) dimethyl sulfoxide was added. Fragments of the expected size were excised after resolution of PCR products on 1.5% agarose gels, purified, and cloned into pCR-Script AMP SK(ϩ), generating plasmid pTP15. The integrity of the sequence information of the 756-bp insert was checked, and the fragment was excised from pTP15 by restriction with NdeI and BglII. Purification on agarose gel and ligation with pET9a, previously digested with NdeI and BamHI, resulted in the expression plasmid pTP20.
Purification of recombinant TetC. E. coli cells containing pTP20 were grown at 37°C in LB medium containing 50 M kanamycin until an absorbance at 600 nm of 1.0 was reached. Upon induction by 1 mM IPTG, the medium was supplemented with 0.1 mM FeCl 3 to prevent excess accumulation of apodioxygenase. Cells were grown for three additional hours at 30°C and then harvested by centrifugation (10 min; 4°C; 10,000 ϫ g). The cell pellet was washed with 33 mM Tris-HCl, pH 8.0, and stored at Ϫ70°C. For further processing, cells were thawed on ice, resuspended in 20 ml of 33 mM Tris-HCl, pH 8.0 (9), and broken by two passages through a chilled French pressure cell (Aminco, Silver Spring, Md.) at 10,000 lb/in 2 . All further purification steps were carried out at 4°C. A protocol for purification of TetC was designed as a three-step procedure avoiding high ammonium sulfate concentrations and including a fast-flow Pharmacia DEAE Sepharose column, a HiLoad 16/60 (Superdex 200) gel filtration column from Pharmacia, and a Ceramic Hyper DF column (BioSepra SA, Gergy Saint Christophe, France). The crude extract was centrifuged at 18,000 ϫ g for 30 min, and the supernatant was applied on the DEAE column equilibrated with 50 mM Tris-HCl buffer, pH 8.0. Protein was eluted with a linear gradient of 0 to 700 mM NaCl in this buffer. The brownish fractions containing the desired activity were combined, concentrated, and desalted on an Amicon filtration unit with a 10,000-Da exclusion membrane. Gel filtration was performed with the abovedescribed Tris-HCl buffer, containing 0.1 M NaCl, at a reduced flow rate of 0.5 ml/min. The Ceramic Hyper DF column was equilibrated with 50 mM Tris-HCl, pH 8.0, and the protein applied was eluted with a linear gradient of NaCl. Samples were pooled and desalted. Eventually, a Mono-P column (HR5/20) from Pharmacia which resolves pI differences of 0.02 pH unit was used for further purification. Equibration of the column was performed using 25 mM Tris-acetate buffer (pH 8.3). For resolution, a pH range of 8 to 5 was chosen by mixing Polybuffer 96 (30%) with Polybuffer 74 (70%) from Pharmacia and adjusting the pH at 5.0 with acetate. Highly purified protein from the Ceramic Hyper DF column was loaded and eluted with a linear flow of 0.5 ml/min for approximately 8 column volumes. The eluted protein was fractionated for further treatment, consisting of polybuffer removal by gel filtration, and concentrated.
Analytical methods. The apparent subunit molecular mass of the polypeptide and the purity of fractions were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions with 12% (wt/vol) polyacrylamide according to the method of Laemmli (30) . SDS-PAGE was performed using an SE200 small vertical slab-gel unit (Hoefer Pharmacia). Gels were stained overnight with a commercial Coomassie blue solution (Roti-Blue; Roth) with a sensitivity comparable to that of silver staining, allowing detection of less than 30 ng of protein. The apparent molecular weight of the holoenzyme was determined by gel filtration on a calibrated Superdex 200 column (Pharmacia) eluted at a flow rate of 0.5 ml/min with 50 mM Tris-HCl, pH 8.0, containing 100 mM NaCl. Standards for calibration were from Bio-Rad.
The exact molecular masses of polypeptides were determined by electrospray ionization tandem mass spectrometry on a Finnigan MAT TSQ 700 triple quadrupole mass spectrometer equipped with an electrospray ion source (Finnigan MAT Corp., San José, Calif.). Desalted samples were dissolved in acetonitrile to approximately 10 pmol/ml and injected at a flow rate of 1 ml/min. A voltage of 5.5 kV was applied to the electrospray needle. The theoretical average mass of monomeric TetC including the initial methionine was calculated by means of the program PAWS (R. C. Beavis, New York University/Skirball Institute), taking into consideration the statistical isotope distribution.
The pI of the enzyme was determined under nondenaturing conditions, using the Pharmacia Phast system for isoelectric focusing, according to the protocol of the manufacturer. An isoelectric focusing kit was used as the standard marker. The same system was applied for electrophoretic titration curve analysis over a pH range of 3 to 9. All gels were stained with a commercial silver staining kit from Pharmacia.
For N-terminal sequencing, the protein was transferred to a microcentrifuge vial, dried in a Speed Vac, redissolved in 50% acetonitrile, applied to a Bioprenetreated, precycled glass fiber filter, and sequenced by automated Edman degradation with an Applied Biosystems sequencer (pulsed-liquid; model 473A) with on-line high-performance liquid chromatography (HPLC) detection of phenylthiohydantoin-derivatized amino acids.
EPR and UV-visible spectroscopy. Electron paramagnetic resonance (EPR) spectra were recorded on a Varian E 109 spectrometer equipped with a helium flow cryostat (ESR 900; Oxford Instruments). Spin concentrations were determined by double integration of the signals and compared to a reference of multiple iron concentrations. UV-visible absorption spectra were recorded on an HP8452A diode array spectrophotometer (Hewlett-Packard), the cuvette holder of which was connected to an anaerobic glove box through optic fibers and adapters (Spectrofip 8452; Photonetics). The raw data were corrected with a cubic spline fit using the program Kaleidagraph (Synergy Software, Inc.).
Enzyme assays and kinetic measurements. Protein concentrations were determined by the method of Bradford with bovine serum albumin as a standard (6) . All enzyme assays were performed at 25°C with a spectrophotometer (UV 2100; Shimadzu Corp., Kyoto, Japan) as described previously (49) . Specific activities are expressed as units per milligram of protein; 1 U is defined as 1 mol of substrate transformed per min. The extinction coefficients for chloromuconates reported by Dorn and Knackmuss (16) and Sander et al. (54) were used for the determination of catechol 1,2-dioxygenase (C120; EC 1.13.11.1) activity and that of its derivatives. Slow reactions were monitored by HPLC. Kinetic data were analyzed with the ENZPACK computer software (P. A. Williams, ENZ-PACK manual, Elsevier-Biosoft Cambridge, United Kingdom). Considerations of interaction of substrates with proteins in regard to mechanisms of inhibition followed previously published outlines (20) .
Transformation experiments with chlorocatechols of the 4,5-halogenation type. For turnover experiments, 0.1 to 1 mM concentrations of 4,5-dichloro-, 3,4,5-trichloro-, or tetrachlorocatechol were incubated with purified protein (10.6 to 53 g) in 1 ml of 33 mM Tris-HCl buffer (pH 8.0) for 12 h. Samples from these assays were analyzed by HPLC as described previously (49) . The net elution volumes of metabolites by a 36% methanol-H 2 O solvent system were 3.4 min for 2,3,5-trichlorodienelactone and 9.1 min for 3,4-dichloro-cis,cis-muconic acid. Conversion of tetrachlorocatechol to the corresponding tetrachloromuconic acid was detectable as its cyclization product, 2,3,5-trichlorodienelactone, only after the sample was acidified to pH 1.5. This allows the prevention of on-column cycloisomerization caused by the acidic conditions used for separation by HPLC (49) . The structural identity was confirmed by gas chromatography-mass spectrometry (GC-MS) analysis of the respective products after extraction and derivatization of samples from enzyme assays as described earlier (49) . Quantification of 3,4,5-trichlorocatechol transformation was performed by substrate depletion analysis, due to instability of the corresponding chloromuconic acid under conditions of separation by HPLC.
Insertion of Fe(III) into apodioxygenase. Experimental removal of Fe(III) from the catalytic center of TetC was carried out through chromatography of this polypeptide on a Mono-P column (Pharmacia) as described above and subsequent gel filtration, also as described above. Experiments for reconstitution of the activity of apo TetC were performed with protein concentrations of 10 to 27 g/ml in 33 mM Tris-HCl buffer (pH 8.0) containing 0.1 or 0.2 mM Fe(III) in the presence of different concentrations of ammonium sulfate (0.5 to 2.0 M) and with 3-chlorocatechol as a substrate. Different incubation temperatures were tested (25 to 40°C), as were different incubation times (1 to 20 min) at appropriate intervals.
Chemicals. Tetrachlorocatechol and 3,4,5-trichlorocatechol were purchased from Aldrich (Steinheim, Germany) and Promochem (Wesel, Germany), respectively. 3-Chloro-, 4-chloro-, 3,5-dichloro-, 3,6-dichloro-, 4,5-dichloro-, and 3,4,6-trichlorocatechol were kindly provided by H.-A. Arfmann (GBF). Stock solutions of chlorocatechols were prepared in dimethyl sulfoxide. All chemicals used in this study were of the highest commercially available grade.
RESULTS AND DISCUSSION
Genetic organization of the tet cluster. From total DNA extracted from P. chlororaphis RW71, a region encoding a cycloisomerase and other chlorocatechol degradation genes was cloned and sequenced ( Fig. 1 ). Among the six open reading frames (ORFs) detected on the 8.1-kb KpnI fragment of plasmid pTP19, five ORFs were assigned by a homology search to the chlorocatechol operon genes and named tetRtetCDEF (Fig.  1) . The gene tetR, encoding a regulatory protein (transcriptional activator), is divergently transcribed from the genes specifying the chlorocatechol 1,2-dioxygenase (tetC), the chloromuconate cycloisomerase (tetD), the ORFH, to which no function was assigned, the chlorodienelactone hydrolase (tetE), and the chloromaleylacetate reductase (tetF). The chlorocatechol operon tet identified in RW71 is therefore organized identically to the corresponding clusters of pP51 (68), pNH91 (41), pAC27 (21), pJP4 (14, 31) and, to a lesser extent, pEST4011 (28) . An additional ORF was detected on the 8.7-kb BamHI fragment (pTP18) and termed ORFP. It was identified about 1.1 kb downstream of tetF and appeared to be divergently transcribed. A similar structural element was recently reported at the same position on pNH91, a chlorocatechol pathway catabolic plasmid from Alcaligenes eutrophus (41) . Comparison 
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TetC OF PSEUDOMONAS CHLORORAPHIS RW71 999 of the amino acid sequence specified by ORFP with sequences available in databases indicated some similarities with cellular transporter systems, possibly responsible for the uptake of branched-chain amino acids (1, 26) . The 1,519-bp region upstream of ORFP and the 1,454-bp region downstream of tetR did not show any significant homology to published sequences. Detailed analyses revealed that plasmids pTP18 and pNH91 share an almost identical 2,087-bp region downstream of tetF and cbnD, respectively, with the exception of a 28-bp insert specific to pTP18 between tetF and ORFP ( Fig. 1) . Downstream of this 2,087-bp region, the cbn locus ends with a sequence encoding the insertion element IS1600. No such structure was found on the remaining 1,293 bp sequenced from pTP18. The same nucleotide sequence was located 2 kb upstream of cbnR on pNH91, forming the chlorocatechol catabolic transposon Tn5707 with an overall size of 15 kb (41). Comparable structural elements were not reported from the flanking regions of the corresponding chlorocatechol operon structures of pP51, beyond tcbF. The extended analysis of the flanking regions of the chlorocatechol operon on pJP4 of Ralstonia eutropha JMP134 has also shown an insertion sequence, ISJP4, flanking the truncated regulatory genes tfdT(I) and tfdK(II) (32) . A much larger conjugative element of 105 kb of the 3-chlorobenzoate-degrading strain Pseudomonas sp. B13, carrying the chlorocatechol pathway genes, has been reported by Ravatn et al. (50) . Although they are not identified on pTP18 and pTP19, the existence of such mobilizing elements cannot be definitively excluded, since many catabolic sequences are located on transposon structures (61) . The catabolic potential for 1,2,3,4-tetrachlorocatechol mineralization was found to be highly unstable in strain RW71 (49), suggesting localization of this genetic information on a plasmid: PCR analysis of total DNA extracted from strains of cured phenotype, using oligonucleotide pairs TP2-TP6 and TP31-TP32, did not detect the presence of any chlorocatechol operon genes. The loss of the initial chlorobenzene dioxygenase and cis-chlorobenzene dihydrodiol dehydrogenase system cannot be ruled out: such not very stable genes were already found on transposon Tn5280 of pP51 from Pseudomonas sp. strain P51 (64, 69) and may be present on unstable or transmissible transposon structures in RW71.
Phylogenetic relationship between (chloro-)catechol catabolic genes and enzymes. The sequences of the genes specified by the tet operon share a high degree of similarity with those encoded by the operons tcb and cbn of plasmids pP51 and pNH9, respectively (Table 1 ). On the amino acid level, identities are superior to 99% for the regulator protein, the chloromuconate cycloisomerase, the chlorodienelactone hydrolase, and the maleylacetate reductase. The identity of the intracistronic ORF is also significantly high, and only the chlorocatechol 1,2-dioxygenase, TetC, exhibits slightly reduced identity (95%) with TcbC from Pseudomonas sp. strain P51. The sequences of the enzymes specified by the operons tet, tcb, and cbn show relatively low similarities with those of the type II enzymes (14, 57): from 52 to 57% for the transcriptional activators, from 58 to 68% for the chlorocatechol 1,2-dioxygenases, from 76 to 84% for the chloromuconate cycloisomerases, from 52 to 53% for the chlorodienelactone hydrolases, and from 55 to 59% for the chloromaleylacetate reductases. Similarities with genes encoding the catechol pathway (type I pathway) (8) of gram-negative and even of gram-positive bacteria (19) are in the range of only 30 to 40%. These three levels of similarity described above allow a clear discrimination of the different (chloro-)catechol catabolic enzymes into several groups: the tcb, cbn, and tet catabolic operons may be distinguished from the classical type I (cat) and type II (clc and tfd). Possibly we have to add to the above group of sequences those of the 1,2,4-trichloro-and 1,2,4,5-tetrachlorobenzene-degrading strains Burkholderia (Pseudomonas) sp. strain PS12 and Acidovorax (Pseudomonas) sp. strain PS14 (54) : the sequence of the N-terminal amino acids of the chlorocatechol 1,2-dioxygenase of PS14 (28 amino acids) is identical to those of CbnA, TcbC, and TetC (63) . Accordingly, similarities to ClcA and TfdC are below 55%. The 14 N-terminal amino acids of the chloromuconate cycloisomerase of PS14 (63) share a relatively high degree of similarity with TfdD of pJP4 (74%) and ClcB of pAC27 (83%), but this sequence is again much closer to those of both TetD of strain RW71 and CbnD of strain NH9 (Ͼ97%) and fully identical to that of TcbD of P51. Strains PS12 and PS14 share many of their catabolic features with strain RW71. This is possibly due to the fact that all three isolates were obtained from the same source, a chlorophenoxy herbicide and lindane production site where surplus waste isomers had been dumped (54) .
General biochemical characterization of recombinant TetC. From plasmid pTP19 containing an 8.1-kb DNA fragment from P. chlororaphis RW71, the gene tetC was PCR amplified and inserted into the T7-based overexpression system pET9a. The resulting plasmid, pTP20, was introduced into E. coli strain BL21(DE3)(pLysS) cells. Supplementing the medium with 0.1 mM Fe(III) was found to significantly increase the production of holodioxygenase, since the specific activity of the crude extract, reproducibly, was then threefold higher. The purification resulted in an almost homogeneous preparation. The recombinant TetC migrated on this SDS-12% PAGE as a single band of 30 kDa (Fig. 2) . About 10 to 15 mg of purified recombinant protein/liter of wet cells was obtained, equivalent to a 20% yield at a purification factor of 2.5.
The N-terminal amino acid sequence of the purified protein was determined by Edman degradation and found to be fully identical to the sequence of the polypeptide specified by tetC and tcbC (65) and to the chlorocatechol 1,2-dioxygenase of 1,2,4,5-tetrachlorobenzene-degrading Acidovorax sp. strain PS14 (63) . The average molecular mass of the TetC monomer obtained by electrospray ionization tandem mass spectrometry (27, 474 Da) appears to be in full agreement with the theoretical value of the polypeptide, including the initial methionine. The apparent molecular mass of 67.5 Ϯ 3 kDa determined by gel filtration indicated that the purified holoenzyme behaves in these experimental conditions as a homodimer.
The isoelectric point of the holoenzyme was determined experimentally to be 5.8. Titration curve analyses (IEF) of freshly purified TetC were performed on polyacrylamide gels run under nondenaturing conditions, in order to confirm the homogeneity of the preparation. Four dominant bands were observed, although the polypeptide content was homogeneous according to SDS-PAGE and mass spectrometric analysis. In light of these results, an additional chromatofocusing step for further purification of TetC, followed by removal of polybuffer by means of gel filtration, was carried out. During this step the protein lost its characteristic reddish color and became inactive, as only ca. 0.1% of the initial activity was remaining. Constituents of the amphoteric buffer system seemed to inhibit the enzyme by chelating and removing the Fe(III) ion from the active site. Whereas this fraction of inactive TetC lacking its ferric iron could not be crystallized, reddish-brown crystals of TetC were obtained in a glycine-NaOH buffer (pH 9.1) with sodium formate as the precipitant, using the purest active fraction, corresponding to lane 5 of Fig. 2 . In the following isoelectric focusing titration of such a crystal dissolved in water, only a single major band was detected, and when the gel was highly overloaded in order to visualize impurities, only a single, weakly contaminating band was visible. The major band should represent the catalytically active holodioxygenase. Another single band at a different position in a focusing gel was obtained from colorless, catalytically inactive TetC from the above-described chromatofocusing procedure. The heterogeneous pattern of four major bands mentioned above is, therefore, assumed to be composed of monomeric and dimeric apo-and holodioxygenases. Measurement of the iron content of recombinant TetC and attempts at reconstitution of the holoenzyme. Earlier determinations of the iron content of several catechol 1,2-dioxygenases and chlorocatechol 1,2-dioxygenases did not clarify if one iron ion was present in each monomer or one single iron atom was bound at the interface or only in one monomer per holoenzyme. Ratios per homodimer of one iron atom (9, 36, 37, 55), two iron atoms (8, 39, 45) , or from 0.6 to 0.89 iron atom (5, 60) were reported. Quantitation of the iron content of different TetC preparations was carried out by means of EPR spectroscopy, the isotropy at maximal rhombicity allowing for the detection of small quantities of bound ferric iron by comparison with a standard (22) . Assuming from the isoelectric focusing analysis that less than one third of the protein sample was in a holoform in the first two samples, the iron content measured was close to 0.9 iron atom per monomer. For another sample exhibiting a 1.3-fold higher specific activity for 3-chlorocatechol, a signal consistent with 1.1 iron atoms per monomer was measured. Unspecific binding of additional iron on the protein surface may have led to this minute overestimation.
Previously reported reconstitution experiments on intradiol apodioxygenases had indicated that ferrous iron could be incorporated into the enzyme and then oxidized to the active ferric form (39), a mechanistic study not confirmed up to now. Zaborina et al. (73) have reported reconstitution of 40% of the activity of the intradiol-cleaving 6-chlorohydroxyquinol 1,2-dioxygenase from Streptomyces rochei 303 by the addition of Fe(II) in a time-dependent reaction after the initial activity had been completely inhibited by the chelator Tiron at a 0.1 mM concentration. Attempts at insertion of Fe(II) and Fe(III) into the active site of the apodioxygenase were carried out with the apoprotein obtained by means of MonoP chromatography. Different parameters were checked, such as Fe(II), Fe(III), and ammonium sulfate concentrations, the incubation temperature, and the incubation time. Reconstitution of holoTetC was monitored through measurement of 3-chlorocatechol dioxygenation activity, but even in the best conditions [incubation of apo-TetC with 0.1 mM Fe(III) and 1.3 M ammonium sulfate], no reactivation of more than 2% of the maximal activity of the holoenzyme preparation was obtained.
Kinetic properties of recombinant TetC. Chlorocatechols of the 4,5-halogenation type have been classified as high-affinity inhibitors for diverse (chloro-)catechol 1,2-dioxygenases (9, 16, 23, 58, 63). K i values for 4,5-dichlorocatechol and tetrachlorocatechol were 30 and 5 nM, respectively, for the dioxygenase of the chlorobenzoate-degrading strain Pseudomonas putida AC27 (9) and 4 and 108 nM for the dioxygenase of Acidovorax (formerly Pseudomonas) sp. strain PS14 (63) . The latter enzyme was shown to be competitively inhibited by 4,5-dichloroand 3,4,5-trichlorocatechol but uncompetitively inhibited by tetrachlorocatechol, with catechol as the substrate.
(i) Spectrum of substrates cleaved by TetC. Specific activities and kinetic parameters of recombinant TetC were determined for the whole range of chlorinated catechols ( Table 2 ). The ratio of specific activities for 3-chlorocatechol to those for catechol for TetC (3.16) is about 50% higher than that of the chlorocatechol 1,2-dioxygenase from Burkholderia (formerly Pseudomonas) sp. strain PS12 (2.17) (54) and much higher than those of the others so far described in the literature (reviewed in reference 51). From results shown in Table 2 it is evident that 3,5-dichlorocatechol is the preferred substrate, followed by 3-chlorocatechol, as indicated by high values for the ratio k cat /K m . For the 4,5-halogenated chlorocatechols, exact Michaelis-Menten constants during long-term HPLCbased depletion measurements could not be determined. They have to be assumed to be in the lower micromolar range. Consequently, no specificity constants were calculated, but they should be similar to that for 3-chlorocatechol, since there was no inhibition of 3-chlorocatechol turnover in their presence. The specificity constant for the TetC preparation with 3,5-dichlorocatechol is threefold higher than that reported for the so-called 3,5-dichlorocatechol 1,2-dioxygenase of Burkholderia (formerly Pseudomonas) cepacia strain CSV90 (5). It should be threefold higher for the pure TetC holoenzyme. The enzyme of Pseudomonas chlororaphis RW71 exhibits a significantly broader substrate tolerance compared to the substrate pattern of other enzymes (51), such as that of the already mentioned strain PS12 (54) or of Pseudomonas sp. strain P51 (65) .
(ii) 4,5-substituted chlorocatechols are transformed by TetC. The major part of the above-cited literature reported that chlorocatechols of the 4,5-substitution pattern were not productively transformed by (chloro-)catechol dioxygenases. It was shown recently that strain RW71 degrades 1,2,3,4-tetrachlorobenzene via tetrachlorocatechol (49) . This obvious contradiction, therefore, needs to be elucidated in more detail. Spectral changes during conversion of 4,5-dichloro-, 3,4,5-trichloro-, and tetrachlorocatechol, respectively, were monitored in the UV range (230 to 350 nm; plots not shown). Overlay spectra displaying prolonged transformation of the three compounds were recorded and revealed new maxima at 268 nm for 3,4-dichloromuconate, at 273 nm for 2,3,4-trichloromuconate, and at 275 nm for tetrachloromuconate, in accordance with the typical increase of absorption for (chloro-)muconic acids (15, 53) . The products from these conversions were resolved by reverse-phase HPLC. Acidified samples were extracted with ethyl acetate and methylated for structure elucidation by GC-MS. Interpretation of results from fragmentation revealed dimethylated 3,4-dichloromuconic acid, dimethyl 2,3,4-trichloromuconate (Fig. 3) , and dimethyl tetrachloromuconate, respectively. The molecular ion of dimethylated 3,4-dichloromuconate (m/z ϭ 239) is of very low intensity (0.1%); loss of one carboxymethoxy group from the molecular ion forms the base peak at m/z ϭ 179. The peak observed at m/z ϭ 203 is formed due to the loss of a first chlorine (Fig. 3A) . The mass spectrum of the dimethylester of 2,3,4-trichloromuconic acid (Fig. 3B) indicates the loss of chlorine from the molecular peak at m/z ϭ 272 (0.3%), resulting in the signal at m/z ϭ 237. The signal at m/z ϭ 213 represents the loss of one carboxymethoxy group (m/z ϭ 59) from the molecular ion and corresponds to the theoretical value for a trichlorinated substance; the one at m/z ϭ 237 is that of a dichlorinated structure. The general cis,cis configuration is assumed for all muconates. The product from the conversion of tetrachlorocatechol has already been characterized (49) . Traces of these chloromuconates had already been identified in transformation experiments with crude cell extracts of Burkholderia (formerly Pseudomonas) sp. strain PS12 (53) . The novelty of TetC is a substrate pattern that includes the chlorocatechols with chlorine atoms at positions 4 and 5 and their productive transformation in the cascade of the chlorocatechol pathway, allowing RW71 to grow at the expense of 1,2,3,4-tetrachlorobenzene. The 4,5-halogenated chlorocatechols have previously been shown to be transformed by other organisms or their corresponding enzymes at extremely low rates at high concentrations of enzyme only (11, 46, 53, 55) .
In order to determine the consistency of the catalytic activity trichloro-, and tetrachlorocatechol were followed by HPLC analysis for 420 min (Fig. 4) . Depletion of tetrachlorocatechol was completed after 200 min, and 4,5-dichlorocatechol was transformed within 420 min, whereas 39% of the initial concentration of 3,4,5-trichlorocatechol was still detected after this time span. Further slow conversion until complete depletion was noticed when measured upon overnight incubation. At a protein concentration in this assay of 21.2 g/ml, which corresponds to 1 M, the turnover efficiency of the enzyme with these three substrates was determined to be relatively low, corresponding to a rate of about 2 to 3% of the turnover rates of the other chlorocatechols. Initial specific transformation rates were relatively stable over the first 60 min and were 70, 42, and 78 mU per mg of protein for 4,5-dichlorocatechol, 3,4,5-trichlorocatechol, and tetrachlorocatechol, respectively. Interestingly, conversion rates showed a sudden decrease after 1 h, probably due to the formation of highly stable enzyme product complexes of small dissociation constants, formerly identified as the rate-limiting step of substrate turnover, by catechol 1,2-dioxygenase (71) and protocatechuate 3,4-dioxygenase (10, 11, 70) . On the other hand, inactivation of the biocatalyst under the test conditions in the presence of an excess of the phenolic substrates cannot be ruled out. Therefore, more detailed transformation assays were performed over 12 h with up to 1 mM concentrations of 4,5-halogenated catechols. With a high concentration of substrate, such as 0.4 mM, the addition of 21 g of protein per ml led to a 30% decrease in the substrate concentration. However, at concentrations of 0.2 mM or below, substrates were productively transformed (Fig. 5A to C) . Further, we could clearly demonstrate with the substrate 3,4,5-trichlorocatechol that the ratio of substrate to enzyme is crucial (Fig. 5B) , providing evidence for inactivation by the substrate. Control experiments revealed that none of these substrates have been absorbed onto glass surfaces or transformed in the absence of TetC. Similar observations for other 1,2-dioxygenases have not yet been reported, and therefore these results cannot be compared with those from other studies. In terms of amenability of this enzyme to applications, however, such parameters appear important.
(iii) Inhibitory features. In order to elucidate aspects of the inhibitory features of 4,5-dihalogenated catechols on the conversion of catechol and its lower chlorinated derivatives, transformation experiments with a mixture of catechol and 3-chlorocatechol, 4,5-dichlorocatechol, or tetrachlorocatechol were performed. These may provide deeper insight into the process of transformation than simple K i determinations. Results shown Initial and residual concentrations were determined after 12 h by HPLC. Tetrachloromuconic acid formation was monitored by its cycloisomerization product, 2,3,5-trichlorodienelactone, which was formed after acidification of the assay. Transformation of 3,4,5-trichlorocatechol was followed by substrate depletion because of the high level of instability of its corresponding product, 2,3,4-trichloromuconic acid. Protein amounts displayed are rounded to whole numbers.
in Fig. 6A clearly indicate that the conversion of catechol was completely inhibited until depletion of tetrachlorocatechol was exhaustive. This inhibition was clearly competitive. However, when tetrachlorocatechol and 3-chlorocatechol were simultaneously offered to TetC, the two compounds were converted at similar rates. Interestingly, the conversion of the latter compound was slightly slower than that of the former (Fig. 6C) . Although there was some inactivation of TetC after 2 h, visible through a sharp decline of the rate of 4,5-dichlorocatechol turnover into 3,4-dichloromuconate, catechol was not significantly transformed into muconate (Fig. 6B) . This, however, proceeded upon overnight incubation, after complete turnover of 4,5-dichlorocatechol (not shown). Similar to the results described for tetrachlorocatechol, the transformation of 3-chloroand 4,5-dichlorocatechol proceeded almost in parallel, with simultaneous production of both corresponding chloromuconates (Fig. 6D) . The formation of corresponding (chloro-) muconate was confirmed in all these experiments, except for tetrachloromuconate, which cycloisomerizes during analysis by HPLC. The inhibitory features described for TetC have never been reported for all hitherto known (chloro-)catechol dioxygenases.
(iiii) Stability of TetC over time. The stability of the enzyme was monitored. A loss of 40% of the initial activity was detected when recombinant TetC was stored at 4°C. Storage at 20°C over the same period of time resulted in a loss of activity of 93%. Aliquots of the protein stored for 1 week at Ϫ70°C and for a long period, about 5 months, showed no measurable loss of specific activity after thawing and after subsequent storage on ice within 12 h.
Spectroscopic properties of recombinant TetC in the presence of its substrates. The catalytic properties of TetC, featuring productive breakdown of 4,5-dihalogenated catechols, deserve a closer view at the active site. The absorption spectra of TetC were measured in the presence of these substrates, as were its EPR parameters. Such investigations had been performed earlier with the type II catechol 1,2-dioxygenase of P. putida AC27 but with catechol as the substrate only (9) . Halogenated catechols and particularly those considered as strong inhibitors of this class of enzymes should be tested, therefore, with TetC.
The electronic absorption spectra of the native enzyme and the enzyme-substrate complexes maintained under anaerobic conditions are shown in Fig. 7 . The broad absorption spectrum 
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of TetC with a maximum of 444 nm is typical for a ligand to Fe(III) charge-transfer transition due to tyrosinate coordination ( Fig. 7A) (9) . The addition of 3-chlorocatechol to the protein incubated in an anaerobic environment resulted in an increase of its absorbance and led to a red shift of its initial absorption maximum to 506 nm (Fig. 7B) . Successive dilution of the anaerobic reaction mixture with air-saturated buffer resulted in an increasing absorption at 260 nm, the absorption maximum of the reaction product, 2-chloromuconic acid. Depletion of 3-chlorocatechol, however, did not result in the expected clear back-shift to its initial absorption spectrum. The addition of 0.2 mM tetrachlorocatechol to the relatively high concentration, 0.1 mM, of TetC (Fig. 7C) shifted the maximum absorption to 560 nm, but with significantly reduced intensity. Successive dilution with air-saturated buffer then backshifted the maximum absorption to the initial maximum of the protein, indicative of complete transformation of the substrate. The experimental complex of TetC with 4,5-dichlorocatechol showed a maximum absorption at 524 nm (Fig. 7D) . No change of the absorption spectrum was recorded during addition of air-saturated buffer, although some slow transformation of this substrate had been detected as described above by spectrophotometrical tests and HPLC analysis. It seems probable that residual substrate was still bound to the active center of the enzyme, confirming the strong inhibitory character of 4,5-dichlorocatechol. Not only sterical but also electronic features with regard to inhibition of ortho-cleaving enzymes have to be taken into account, and 4,5-dichlorocatechol should better fit into the active site cavity of TetC than the more bulky substrate tetrachlorocatechol. An excellent and detailed study on inhibitory complexes with protocatechuate 3,4-dioxygenase has been published recently (44) , with halogenated substitutes of protocatechuate being the most potent inhibitors. Further, EPR spectroscopic studies of the recombinant TetC dioxygenase were carried out in the presence of tetrachlorocatechol in order to partially characterize the environment of the Fe(III) ligands (Fig. 8) . The sharp symmetrical electron spin resonance signal recorded for TetC without the substrate at 4.3 G (Fig. 8A) is in full agreement with high-spin Fe(III) in a rhombic environment as previously found for other intradiol dioxygenases (8, 9) . Weak resonances centering at 9.8 G were observed outside the plotted range. The EPR analysis of the same sample maintained in an argon atmosphere immediately after addition of an excess of tetrachlorocatechol revealed different g values (Fig. 8B) . The signal obtained for TetC is anisotropic with all possible g values from a particular Kramer's doublet: the system showed three different g values: g x ϭ 4.27, g y ϭ 4.2, and g z ϭ 4.4. The low-field signal at 9.8 G broadened during the experiment and finally disappeared.
Spectroscopic investigations on Fe(III) catecholate complexes indicated that the active-site iron should remain in the Fe(III) oxidation state during the whole catalytic cycle (17) . The multidentate ligands influence the physical properties of the metal complex: electron-donating substituents of enzyme substrates foster an increase in catalytic activity, whereas electron-withdrawing groups, like the four chlorines of tetrachlorocatechol, decrease the dioxygen attack by forming a stable complex. Crystals of this compound with incorporated tetrachlorocatechol were shown to exhibit an asymmetrically chelated tetrachlorocatecholate ligand (17) . Apparently, the iron content of the protein is not alone responsible for the differences in activity. Stabilizing effects through iron-catecholate complexes associated with conformational changes, or adverse effects (inactivation by denaturing agents was accelerated by catechol), were mentioned in earlier studies on intradiol dioxygenases (39) . In order to elucidate the chelating attack of chlorocatechols of the 4,5-substitution type on the central catalytic iron atom leading to the inhibition of this enzyme, a possibility already discussed earlier (9), a preparation of TetC (ca. 1 M) was incubated with an excess of tetrachlorocatechol (1 mM). A pinkish-violet color was formed, which had been observed earlier in some of the growth experiments performed with strain RW71 (49) . This was possibly due to the inefficient induction of the expression of chlorocatechol pathway genes by the product of the TetC reaction, tetrachloromuconic acid, in the necessarily productive triggering by the transcriptional activator, TetR. In our experiments, the UV-visible spectrum of the tetrachlorocatechol-enzyme [iron(III)] complex proved to be identical with that obtained with ferric iron in the presence of 4,5-halogenated catechols, especially with tetrachlorocatechol. We found that the central ferric iron atom of recombinant TetC was removed from the active site of the holoenzyme in the presence of 1 mM tetrachlorocatechol. This observation was unambiguously proved by filtration of the solution through a 10,000-Da exclusion membrane and subsequent control of compartmentation of the polypeptide through protein determinations. Unfortunately, we were not able to apply this assay for the quantitative titration of the overall iron content of TetC.
Conclusions. The catechol and chlorocatechol 1,2-dioxygenases are Fe(III)-containing dioxygenases. Based on their substrate ranges, they are historically distinguished as type I and type II enzymes, respectively. Type I represents enzymes that primarily convert catechol, whereas type II enzymes are induced during growth with (low-halogenated) chloromuconates. The type II enzymes have a wider substrate range and transform chlorinated catechols more rapidly than catechol. However, they are strongly inhibited by halocatechols simultaneously substituted in positions 4 and 5. Phylogenetic trees of ortho-cleaving dioxygenases have been published recently (3, 19) . Based on sequence homologies, five subgroups may be distinguished within the chlorocatechol 1,2-dioxygenase family. This sequence distinction might be correlated with substrate specificities. Indeed, very few sequence changes, only 3 out of 260 amino acids, were shown to significantly contribute to alterations of the substrate preference of a chlorocatechol 1,2-dioxygenase (35) . However, for such a functional comparison, the available experimental data for all members of this group are not sufficient, since the respective investigations did not comprise the testing of all relevant substrates. In the present study, TetC from P. chlororaphis RW71 was shown to exhibit a broader substrate range than classical type II dioxygenases and to be distinguished from these enzymes by its ability to productively convert 4,5-substituted chlorocatechols. For a functional comparison of this type of dioxygenase, a type III enzyme could be proposed, with TetC being the archetype, differentiating the chlorocatechol dioxygenases able to convert 4,5-substituted chlorocatechols. Additional experimental data on TcbC and CbnA are required and may confirm a high similarity of substrate range among these enzymes, possibly with those of strains PS12 and PS14 (63) .
In order to better understand why catechol and chlorocatechol 1,2-dioxygenases exhibit such a diverse range of substrate preferences, three-dimensional structures of representatives of the different types described above should be compared. A more specific focus on the active site is required. For this purpose, the crystallization and three-dimensional structure resolution of recombinant TetC are currently under investigation. The specificity for the turnover of chlorocatechols of a high degree of halogenation and for substrates with halogen substituents at positions 4 and 5 of the catecholic ring system makes this group of enzymes at least significant among the already well-characterized catechol 1,2-dioxygenases and chlorocatechol 1,2-dioxygenases (51, 57) . The subgroup partially characterized in this work thus may represent a novel alternative for the degradation of highly halogenated diphenolic compounds which are also mineralized through the chlorohydroxyhydroquinone pathway. The discussed reaction sequences are compared in Fig. 9 which, therefore, must be preliminary at present. It is not fully clear to which of the three branches those pathways for the mineralization of 3,4-dichloro-and 3, 6-dichlorocatechol (51, 59, 68) have to be assigned, because of the lack of experimental data. On the basis of specificity constants, the enzymes characterized by Broderick and O'Halloran (9) and Maltseva et al. (34) group with the classical type II pyrocatechase of Pseudomonas sp. strain B13 (16) . All of those enzymes have 4-chlorocatechol as the preferred substrate and are evolutionarily distant from the proposed type III group. Consequently, some further work needs to be dedicated to the comparative experimental confirmation of the biochemical properties of all these enzymes, e.g., their expected high turnover rates and high affinities for polyhalogenated intermediates in the pathways for the degradation of polyhalocatechols. Apart from the halocatechols, these intermediary substrates are not commercially available and have to be produced biologically with the help of the corresponding enzymes. It is evident that the potentially different types of transcriptional activators especially may exhibit very high selectivity for the triggering compounds or show different and/or overlapping broad ranges of substrate tolerance. These polypeptides are assumed to discriminate between the individual structures of inducers, the monochloromuconic acids, and the more highly chlorinated homologues. It is quite probable that this is also true for the much more highly halogenated muconates in the breakdown of polychlorocatechols and, therefore, the specificity of transcriptional activation of these operons should be further investigated. Finally, our results suggest using strong caution in the interpretation of data derived from enzyme kinetics on wild-type and recombinant catechol 1,2-dioxygenases, especially with respect to the homogeneity of the preparation.
